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<abs> Polycrystalline gold films coated with thiol-based self assembled monolayers 
(SAM) form the basis of a wide range of nanomechanical sensor platforms [1].  
The detection of adsorbates with such devices relies on the transmission of 
mechanical forces, which is mediated by chemically derived stress at the organic-
inorganic interface.  Here, we show that the structure of a single 300 nm-diameter 
facetted gold nanocrystal, measured with coherent X-ray diffraction, changes 
profoundly after the adsorption of one of the simplest SAM-forming organic 
molecules. On self-assembly of propane thiol, the crystal's flat facets contract 
radially inwards relative to its spherical regions. Finite-element modelling 
indicates that this geometry change requires large stresses which are comparable 
with those observed in cantilever measurements.  The large magnitude and slow 
kinetics of the contraction can be explained by an intermixed gold-sulphur layer 
which has recently been identified crystallographically [2]. Our results illustrate 
the importance of crystal edges and grain boundaries in interface chemistry and 
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have broad implications for the application of thiol-based SAMs, ranging from 
nanomechanical sensors to coating technologies. 
<p> The especially strong bond that forms between sulphur and gold is the basis 
for numerous self-assembled metal-organic devices.  Gold is a noble metal towards 
almost all environmental species with the exception of sulphydryls, such as thiols, 
which readily form monolayer coatings of high stability.  Biomedical sensors[1] 
generally rely on some physical contact between biomolecules in an extracellular 
environment with some inorganic readout system, for example silicon-based electronic 
circuitry[3].  In particular, thiol end groups linked to biomolecular agents forming self-
assembled monolayers (SAMs)[4-6] on one surface of a sensitive cantilever can be used 
as a chemo-mechanical sensor[1,7,8].  To engineer sensors with high sensitivity and 
reliability[3,7-9], it is vital to understand the fundamental nature of the communication 
mechanism between the forces generated by binding interactions at the surface/solution 
interface with the ultimate macroscopic deflection of the cantilever.  
<p> Gold nanoparticles have attracted considerable interest because of their 
diverse applications.   Central to the success of virtually all applications is the need to 
tailor the nanoparticles with organic coatings, often SAMs, which impart both stability 
and specific functionality[4-6].  While much effort has focused on optimising the 
activity of the immobilised layer, for example antibodies or enzymes[7], surprisingly 
little is understood about the SAM’s influence on the underlying metallic nanoparticle 
itself.  In this letter, we exploit the sensitivity of coherent X-ray diffraction to quantify 
the strains induced by thiols on a gold nanocrystal.  The substantial stress forces found 
are comparable with those observed in cantilever adsorption experiments.  
<p> The structure of the sulphur-gold interface is surprisingly complex.  Classical 
surface-science studies of sulphur layers on single crystal gold surfaces[10] have found 
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remarkably few well-ordered structures, and even those are marginally stable.  The most 
stable Au(111) surface has an incommensurate ‘herringbone’ reconstruction that shows 
significant compressibility leading to the expulsion of ‘adatoms’[11].  The ejected Au 
atoms have a tendency to form linear S-Au-S 'staple' arrangements decorating otherwise 
close-packed surfaces[10,12,13].  The interplay of reconstruction and adsorption 
favours thiol attachment to disordered gold surfaces, either facetted high-index crystal 
directions, or the inherently stepped surfaces of small gold grains.  Indeed, a recent 
crystallographic study[2] of single-phase Au102RS44 gold nanoparticle-thiol clusters 
revealed a decahedral crystalline core particle coated with a shell 0.25 nm thick with 
enlarged Au-Au spacings and interpenetration of the thiol ligand species.  Far from 
having a well-defined boundary between the metal and the organic sides of the 
interface, this unusual complex was found to contain a mixed compound layer as its 
equilibrium configuration[2]. 
<p> We employ the new method of synchrotron-based coherent X-ray diffraction 
(CXD) to compare three-dimensional (3D) images of individual gold nanocrystals 
before and after coating with thiols.  As we have shown previously, CXD is highly 
sensitive to internal strains within a crystal[14], which appear as a change of phase in 
the complex image.  The electron density of the sample appears as the amplitude of the 
image while its phase φ(r) represents the projection of the displacement from the ideal 
crystal lattice, u(r), onto the reciprocal lattice vector, G, of the Bragg peak used for the 
diffraction measurement, φ(r)=G•u(r) [15].  In recent work[16], multiple G-vectors 
have allowed a full mapping of the strain tensor within a nanocrystal.  Here we use a 
single (11-1) G-vector to image the component of the lattice displacements 
perpendicular to nanocrystal facets pointing in that direction. 
<p> Fig 1 shows the distinct changes seen directly in the CXD pattern of a gold 
nanocrystal upon adsorption of the propane thiol, transported through the vapour phase 
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from a drop of ethanol on a remotely actuated syringe, as described in the SI.   Repeated 
measurements showed the transfomation was reproducible, gradual but irreversible.   
The data were phased and inverted using standard methods[15], described in the SI, to 
the resulting complex image in Fig. 2a, whose amplitude shows the facetted equilibrium 
crystal shape (ECS; see SI)[17].   The 3D image measures 310 nm across at the widest 
point.  The facets can be seen to line up with the {111} crystal directions shown.  The 
real-space phase, φ(r), used to colour the density isosurface shown, indicates the 
presence of some residual strains, presumably due to differential thermal expansion 
during the sample preparation[14].  The magnitude of the strains is considerably smaller 
than the ±π/2 range (corresponding to displacement by one quarter of a lattice spacing) 
allowed by the phasing algorithm [18].  Both the flattened overall morphology, with 
enlarged (111) and (-1-1-1) facets along the surface normal, and the residual strains are 
an indication that the true equilibrium shape[17] has not been reached by the sample 
preparation, dewetting a 20 nm film from a Si wafer substrate (see methods section).  
Nevertheless images of a single nanocrystal, free from major defects and isolated from 
its neighbours on the substrate, are clearly achieved. 
<p> The “Difference Map” (DM) method is widely employed in protein 
crystallography to identify localized small changes, for example in the active sites of 
enzymes[19].  The DM makes the approximation that the reciprocal-space phases of the 
diffraction pattern are the same before and after a small change is made in the structure.  
This approximation is particularly good when the small changes are localized in a small 
region of real space, so will therefore be widely distributed in reciprocal space[19].  It is 
clear from the small intensity differences in Fig. 1 that the DM approximation is 
appropriate, so long as the data are correctly centred, as discussed in the supplementary 
information (SI).  The resulting DM density, Δρ(r), is the difference of the two complex 
density functions, given by the Fourier transform of the differences between the CXD 
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patterns, using the phased diffraction of one of them as the common phase function, 
α(q): 
<fd> Δρ(r) =  ρ2(r) – ρ1(r)  = ∫ [√I2(q) – √I1(q)] eiα(q) eiq•r d3q (1) 
<p-ni> where q = Q – G represents the deviation of the momentum transfer, Q, from 
the reciprocal lattice vector, G, of the Bragg peak used.  The resulting complex 
function, Δρ(r), is an image of the changes before and after the sample was modified. 
Changes of crystal strain, when the shape and density are constant, should appear 
mainly in the imaginary part of Δρ(r). 
<p> Difference maps, directly measuring the changes in the crystal strain due to 
thiol adsorption, are shown in Figs. 2b and 2c for the two data sets of the dosed sample 
from Fig. 1 (centre and right), after subtracting the undosed data (left), using the phases 
α(q) obtained for the latter.  A contour map of the DM amplitude slices through a 
transparent ghost image of the crystal density itself.  Perpendicular cuts, both containing 
the measurement (11-1) G-vector, are shown for both data sets.  There are two clear 
lobes of difference, which are seen to align with G.  In Fig. 3a, the lobes have been 
coloured according to their phases, light blue being close to -π/2 in the backwards         
(-1-11) direction, and yellow near π/2 in the forward (11-1), confirming that the 
complex Δρ(r) is imaginary.  On the crystal, these opposing displacements are therefore 
both directed radially inwards.  The lobes lie close to the surface, suggesting they 
correspond to surface strains, since they decay into the bulk over a length scale 
comparable with the facet feature size[20].  The maximum value of |Δρ(r)| is 50±20 
units in Fig. 2b on a scale on which the density ρ(r) is 200 units, so the phase rotation 
between ρ1(r) and ρ2(r) is 0.25 rad and |u(r)|=0.009nm. For the second measurement in 
Fig 2c, Δρ(r) is 100±30 units giving 0.5 rad and |u(r)|=0.019nm.  Relatively few other 
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features are seen in the DM: any radial strains on the other six {111} facets, lying 71º 
away from G, are invisible as they do not contribute much to φ(r)=G•u(r). 
<p> The pattern of displacement observed within the crystal upon thiol coating of 
its surface can be attributed to differential surface stress.  In Fig. 3b, a Finite Element 
Analysis (FEA) of the strain in a model Au nanocrystal shows components of u(r) 
calculated parallel and perpendicular to the facets.  To model the differential effects, we 
applied a stress σS on the {111} facets and left the spherical surface regions in between 
unstressed.  Positive (tensile) stress on the facets produced the observed inward 
displacements, following the standard sign convention (see SI). The displacement is 
mostly in the direction perpendicular to the facet, even though the surface stress acts 
laterally.  This supports the argument made above that the strains on the six facets not 
oriented along the (11-1) G-vector contribute less to the measured phase, φ(r)=G•u(r).  
Scaling the FEA calculation to the observed experimental net displacement above, the 
stress difference between the facets and spherical regions was determined to be 
∆σS=4.5±2N/m for the first measurement (one hour exposure) increasing to 
∆σS=9.5±3N/m for the second (two hours).  Two more FEA calculations, with σS/2 
(facet) and –σS/2 (spherical) surface regions in Fig. 3c, and with 0 (facet) and –σS 
(spherical) in Fig. 3d, give almost identical patterns of displacements.   The strain 
pattern is therefore largely insensitive to the total net stress, which could be positive or 
negative, but depends only on the difference: we conclude that the spherical regions are 
more compressively stressed than the facets by an amount ∆σS. 
<p> In cantilever bending experiments, chemical changes within one-sided 
coatings cause stresses leading to the deflections measured[21,22].  A compressive 
surface stress change of ∆σS=–0.25N/m, due to formation of a SAM, was originally 
reported for a cantilever coated by vapour diffusion in air, similar to our 
experiments[23].  More recently, Godin et al found ∆σS=–0.5N/m for a 90 nm-grained 
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Au film and as much as –16 N/m for a 600 nm-grained film[24], spanning the range 
seen in our experiments.   These represent macroscopic long-range averages for an 
evaporated film disregarding morphology and connectivity effects.  Berger et. al. 
reported a linear chain-length dependence[23] for longer-chain thiols (C4 to C14) while 
Godin et. al. reported almost none for C6 to C10 [25].  Both studies found always the 
same compressive direction; however we find the opposite, tensile bending with a stress 
of  ∆σS=+0.15N/m for propane thiol (C3) in our own cantilever bending measurements, 
described in the SI.  The tensile stress reported here is consistent with our previous 
unpublished experimental work and attributed to the strong surface interactions but 
weaker chain-chain interactions for short C3 thiols, compared with the longer chain 
thiols typically studied by other researchers.  The long time constants found in all 
studies[22-24], up to 10 h in one case[24], were explained in terms of structural 
rearrangements within the SAM.  In our X-ray measurement of the surface of a 
nanocrystal, a uniform surface stress would cause only an overall change of lattice 
constant; our observation of a clear pattern of differential surface strain informs us that 
the stress varies across the surface. 
<p> Our discovery is that the stress generated by thiol adsorption on gold has a 
fundamentally different nature in the curved, nominally spherical, regions of the crystal 
surface than its flat facets, leading to the clear pattern of strain we observe.  The 
magnitudes of surface stress involved, up to –16 N/m seen for cantilevers[24] and the 
9.5 N/m differential stress reported here, are large for clean metals which typically have 
tensile surface stresses in the range of 4N/m [26].  Chemisorption of electronegative 
elements on metals typically leads to compressive stress changes in the range of –5N/m 
[27].  Much of the discussion of SAMs in the literature[23-25] considers only the flat 
configuration appropriate to surface science studies on extended crystals[10] but, as 
pointed out[25], even for long-chain thiols, the large stress cannot arise from the van der 
Waals chain-chain interactions or other weak forces alone, but requires at least ionic or 
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covalent rearrangements. Indeed the Au-S interaction plays a crucial role in SAM 
formation: the structure of very small (1.6 nm) thiolated nanocrystals, reported by 
Jadzinsky et al[2], has its Au-Au spacings strongly disrupted and sulphur intermixed in 
with gold in the outer layers.  Our findings support this model and show strong thiol-
induced deformations of our 300nm crystals with strains penetrating more than 20nm 
from the outer surface towards the crystal core, where strains are absent.  The tight-
radius spherical parts of our 300 nm nanocrystals might also undergo strong Au-S 
intermixing which would indeed be able to provide sufficient stress.  Intermixing 
reactions involving atomic diffusion of Au at room temperature, would also be an 
attractive explanation of the relatively slow kinetics seen in both our X-ray and the 
cantilever experiments. 
<p> Our observation of relative contraction of the facets and expansion of the 
curved surface regions of Au nanocrystals, illustrated in Fig 3(e), leads to the 
conclusion that the curved and flat regions react very differently to SAM-forming thiol 
ligands.  This explains the strong effect of grain size on cantilever bending stresses in 
polycrystalline films[24].  To the extent that surface stress and surface energy are 
coupled[26], we would expect the presence of thiol ligands to affect the facet/sphere 
proportion in the ECS[17].  Variation of growth morphology, also directly influenced by 
stress[11,29], might explain how surface-active thiolated ‘additives’ can lead to 
‘Curvature Enhanced Acceleration’ in the damascene electroplating process[30]. 
<meth1ttl>  Methods 
<meth1hd>  Gold Nanocrystals  
<meth1> Silicon wafers were first cleaned in Pirahna solution and then coated with an 
evaporated layer of 20 nm gold on top of an evaporated 1 nm Ti adhesion layer.  The 
thin-film samples were then heated to 1050°C for 12 hours in a lab furnace purged with 
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flowing nitrogen gas.  Subsequent Scanning Electron Microscopy (SEM) showed the 
formation of arrays of nanocrystals with a small range of sizes centred around 200 nm 
in diameter, separated by 1-2μm.  SEM showed they had not quite reached the expected 
ECS, spherical with {111} facets; due to incomplete dewetting, the crystals were wider 
than they were tall with the specular (111) facet more extended than the six off-specular 
side facets.  The aspect ratio was about 1.5:1.  Importantly for this experiment, both 
rough, spherical and flat, facetted surface regions were simultaneously present in the 
shape.  
<meth1hd>  CXD experiments 
<meth1> Coherent X-rays of 8.92 keV from the 34-ID-C beamline of the Advanced 
Photon Source (APS) were focussed onto the sample using Kirkpatrick-Baez (KB) 
mirrors which achieved a focus around 2×2 μm2.  The diffraction pattern was measured 
using a direct-detection charge-coupled device (CCD) with 22.5 μm2 pixels located on 
the detector arm, 1.03 m away from the sample.  The 3D CXD pattern was then 
acquired as a θ-scan, rotating in 81 steps of 0.01° about a vertical axis.  The CXD 
patterns were inverted to images with a 3D Fourier transform and coordinate 
transformation, following support-based phasing using a version of Fienup’s Hybrid 
Input-Output (HIO) algorithm[14,15,28]. 
<meth1hd>  Thiol dosing 
<meth1> A syringe with its needle piercing the nitrogen-gas environment above the 
sample, was remotely actuated to avoid any disturbance of the KB-sample alignment at 
the submicron level.  The syringe was previously filled with a 5 mM solution of propane 
thiol, C3H7SH, dissolved in pure ethanol.  
<meth1hd>  Finite-element analysis (FEA) 
10 
<meth1>  The COMSOL FEA package was used to simulate the strain pattern 
introduced in a facetted gold sphere of 300 nm diameter by a differential surface stress.  
Four circular flat facets, each subtending 40º, were placed in contact with a thin skin of 
the same material of thickness h=5 nm containing one value of the bulk isotropic stress 
of σx= σy= σz=σB (in Pa units) over the facets and another value over the spherical 
surface regions.  The surface stress, equal to the “mechanical surface tension”, is then 
given by σS= σB h in units of N/m or J/m2.   
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<LEGEND> Figure 1.  Measured coherent X-ray diffraction patterns of a gold 
nanocrystal before (left), after vapour-phase thiol dosing (centre) and one hour 
later (right).  The interference fringes are due to the finite extent of the 
nanocrystal.  The top row shows the central frame of the diffraction pattern,  
directly on the (11-1) Bragg peak, enlarged to show the centre.  The bottom row 
shows the same patterns on the same scale, offset by five frames around the 
horizontal θ-axis, or 0.05° on the rocking curve.  The colour scale is calibrated 
in units of X-ray photons per pixel; the centre of the pattern reaches a value of 
9000, but is saturated here. 
<LEGEND> Figure 2.  Difference Map analysis showing the location of the 
crystal distortions due to thiol binding.  (a)  Density isosurface views of the 
derived shape of the crystal investigated in this paper.  The rods point along the 
{111} crystal directions, along which facets can be clearly seen, with the biggest 
along (111), the substrate surface normal.  The measurements were made 
along G=(11-1) indicated by the arrow. The contour has been coloured by the 
local value of the phase, indicating the presence of a strain that is intrinsic to the 
crystal before dosing.  (b) Contour map of sections of the difference maps 
calculated between the data set after dosing with thiol for one hour (Fig. 1 
centre) and the undosed data (Fig. 1 left).  (c) Same after two hours dosing.  
Two perpendicular cross sections are shown, both containing the (11-1) G-
vector, both passing through the centre of the crystal.  Only the magnitude of 
difference density is shown on a relative colour scale running from blue to red in 
each panel. 
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<LEGEND> Figure 3. Measured strain and finite-element analysis (FEA) 
simulation of the effect of surface stress.  (a) Image of the measured crystal 
with a single contour of the difference density Δρ(r) superimposed, coloured 
according to its phase.  (b) Calculated vertical component of the displacements 
of a model facetted gold nanocrystal with a tensile surface stress σS=1.5N/m 
applied to the facets alone.  (c) Same with a tensile surface stress σS=0.75N/m 
applied to the facets and a compressive surface stress σS=–0.75N/m applied to 
the spherical surface regions. (d) Same with a compressive surface stress   
σS=–1.5N/m applied to the spherical surface regions alone.  A sphere of radius 
145 nm is attached to a skin layer of 5 nm thickness used to apply the stress.  
Four 40° facets intercept the sphere, also with 5 nm skins. (e) Cartoon 
representation of the relative motions at the nanocrystal surface induced by thiol 
adsorption: the crystal’s flat facets are observed to contract inwards relative to 
its spherical regions. 
 



